An emerging hypothesis of animal personality posits that animals choose the habitat that best fits their personality, and that the match between habitat and personality can facilitate population differentiation, and eventually speciation. However, behavioural plasticity and the adjustment of behaviours to new environments have been a classical explanation for such matching patterns. Using a population of dunnocks (Prunella modularis), we empirically tested whether personality or behavioural plasticity is responsible for the nonrandom distribution of shy and bold individuals in a heterogeneous environment. We found evidence for bold individuals settling in areas with high human disturbance, but also that birds became bolder with increasing age. Importantly, personality primarily determines the distribution of individuals, and behavioural adjustment over time contributes very little to the observed patterns. We cannot, however, exclude a possibility of very early behavioural plasticity (a type of developmental plasticity) shaping what we refer to as 'personality'. Nonetheless, our findings highlight the role personality plays in shaping population structure, lending support to the theory of personalitymediated speciation. Moreover, personality-matching habitat choice has important implications for population management and conservation.
Introduction
Animals have evolved striking phenotypic adaptations to their environments via natural selection [1] [2] [3] . Within species, evolved phenotypic adaptations usually refer to morphological or physiological traits as opposed to behavioural traits (e.g. [4, 5] ). This is because animals are traditionally assumed to be flexible and to adjust their behaviours according to their environments [6] . However, recent theoretical and empirical work on animal personality challenges this view [7] .
Animal personality is defined as behavioural differences among individuals that are consistent over time and across situations (e.g. [6, 8, 9] ), and has been found in a broad variety of traits and species [10, 11] . Importantly, behavioural consistency is accompanied by limited behavioural plasticity [12, 13] . Consequently, personality traits may restrict an individual's ability to cope with its environment (e.g. predator abundance) and thus may lead to a non-random distribution of behavioural phenotypes across different environments [14] , generating a phenotype -environment covariance.
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Phenotype-environment covariance can be explained by the recently proposed personality-matching habitat choice hypothesis (hereafter 'personality-matching hypothesis'; cf. [15] ). The personality-matching hypothesis posits that individuals settle in a habitat that best suits their own personality [16, 17] to reduce stress and to avoid costly adjustment of behaviours [6] . While phenotype-environment covariances have been observed (e.g. [15, 18, 19] ), to the best of our knowledge, the personality-matching hypothesis has not been explicitly tested and empirically teased apart from other alternative mechanisms.
Behavioural plasticity is one alternative mechanism that has been used to explain spatial sorting of phenotypes in heterogeneous environments [20, 21] . Behavioural plasticity implies that the expression of behavioural traits is flexible and that individuals adjust their behaviour according to their environment (e.g. [22] ). Given that environmental conditions are stable over time (e.g. within generations), behavioural adjustment to such stable environments (e.g. habituation, [23, 24] ) can also generate covariance between behavioural types and environments [15] (hereafter referred to as 'behavioural plasticity hypothesis').
In this study, we examine whether an individual's personality (consistent between-individual differences) or behavioural plasticity within individuals is the main factor that leads to the spatial distribution of behavioural phenotypes within a wild population of dunnocks (Prunella modularis). Specifically, we test whether an individual's risk-taking behaviour (i.e. boldness) covaries with the level of human disturbance in an individual's habitat, and also examine whether individuals alter their risk-taking behaviour relative to disturbance level over time. For this purpose, we measured flight-initiation distance (FID) as a proxy for shyness-boldness of individual dunnocks over a period of 3 years. Moreover, we quantified the level of human disturbance in each individual's territory by counting the number of pedestrians that visited the study area. In urban habitats, humans represent a frequent stressor, which can cause time-allocation trade-offs between, for instance, an individual's foraging and antipredator behaviours (e.g. escape [25] ). Furthermore, a human's physical presence may trigger physiological responses, such as increased production of stress hormones [26, 27] , which in turn can lead to low reproductive success [28] .
Under both the personality-matching and the behavioural-plasticity hypotheses, we expect that individuals with the highest tolerance (i.e. short FIDs) will be found in the most disturbed areas. These two hypotheses, however, predict different patterns in the between-individual variance (V B ) and within-individual variance (V W ) of FID. Specifically, the personality-matching hypothesis assumes that individuals settle non-randomly and are consistent in their FIDs over time. Accordingly, if personality is the underlying mechanism, we expect V B to be high and constant over the length of our study. Moreover, we expect V W to be consistently low, because individuals should always respond in a similar way when repeatedly confronted with human disturbance. Therefore, we expect a consistently high repeatability of FIDs across time. On the other hand, the behavioural-plasticity hypothesis predicts that individuals settle randomly and adjust their behaviour to disturbance levels as time passes and/or also to the levels of real-time disturbance. Although it is difficult to predict how V B would change over time, we expect that V W changes over time (e.g. individuals respond plastically). Thus, we should observe inconsistent repeatability values in FIDs at different time points of an individual's life.
Material and methods (a) Study area and study species
We studied an individually colour-banded population of wild dunnocks (Prunella modularis), inhabiting an urban park, the Dunedin Botanic Garden, New Zealand (45886 0 S, 170852 0 E). The 7.2 ha study area is a frequently visited tourist site, and attracts between 40 440 and 187 550 visitors per month (for details, see electronic supplementary material, S1). We divided the study area into a grid of 141 squares (each measuring 25 m Â 25 m or 0.0625 ha; note that some squares at the margins of our study area did not completely overlap with the boundaries of the study area; electronic supplementary material, figure S2) to be able to assign specific values of behavioural and demographic measurements to each square (see below).
In our study area dunnocks occupy small territories (approx. 0.24 ha per breeding group/pair [29] ), which they defend all year round. We collected data in three breeding seasons (SeptemberJanuary of 2012, 2013 and 2014) and two non-breeding seasons (April-August of 2013 and 2014). For more details on demographic information, see electronic supplementary material S2; note that in our population, as in others [30] , dunnocks showed very strong affinity to the breeding territories where they initially settled.
(b) Individual age and individual sampling interval
We aged all dunnocks used in this study (N [total] ¼ 99, age range: 0-6 years); birds were considered to be in year 'zero' until their first breeding season. For 25% of the birds, we knew their exact age, because they were banded as nestlings or fledglings in our study population (N [fledglings] ¼ 24). Immigrants coming from outside to breed in the study area were banded (usually within one week after arrival) and considered to be first time breeders (age of 1; N [new breeders] ¼ 52), following Davies [30] . The rationale for this decision is that dunnocks are extremely sedentary and only disperse directly after the fledgling period or shortly before their first breeding season to acquire their own breeding territory (B.H., E.S.A.S., C.E.L. We used age as a proxy to test if birds altered their behaviour over their lifetimes (i.e. over the long term). For each dunnock, we also determined an individual sampling interval, calculated as the time (in days) between the first FID measurement (day zero) and each of the following FID measurements (total range from 0 to 761 days). Therefore, individual sampling intervals functioned as a covariate to test whether individuals altered their behaviour over the course of the study (i.e. over short to intermediate terms; see also electronic supplementary material S6).
(c) Flight-initiation distance
We repeatedly measured flight-initiation distance (FID) as a proxy for boldness [6] of all adult dunnocks that were present in our study area during the breeding and non-breeding seasons (2012-2014; mean interval between measurements + s.d., 44.36 + 67.97 days). After identifying an individual that was feeding or resting on the open lawn or footpath by its colour bands, the observer started walking towards the focal individual from a standardized distance of 15-20 m. The observer approached a focal individual by walking a direct line at a constant speed of approx. 1.5 m s
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. When the focal individual escaped (either by foot or by flight), the observer immediately stopped walking and measured the distance between their location and the position from which the bird escaped, as well as the distance between place of escape and the nearest vegetation (i.e. cover) using a rangefinder (+1 m, Bushnell Sport 850; rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170943 FIDs , 1 m were all recorded as 0.5 m). One single observer (B.H.) collected the majority (over 91%) of FID measurements. The three other observers, which were trained by B.H., collected 7%, 1.5% and 0.5% of the FID measurements, respectively. Since observer ID had negligible effects on FIDs, we conducted our analyses without including observer ID (for more details, see electronic supplementary material S4).
(d) Levels of human disturbance
To quantify the levels of human disturbance in the study area, we counted the number of visitors in each of the 141 squares. In total, we conducted three surveys (February 2014, August 2014, February 2015), each over a period of 24 consecutive days, which were divided into a first and second interval (12 days each). On each day, we counted all visitors (once per day) by walking a pre-defined set of seven transects (equally distributed) that covered all of the 141 squares of our study area (electronic supplementary material, figure S2 ). Due to the mobility of pedestrians, we assigned all visitors to the square where we first encountered them. For each of the 12 days of the first interval, we started our visitor count at a different time between 07.00 and 18.00 hours (on every full hour, in a random order). After 12 days of counting, we repeated the same procedure for another 12 days (second interval), but walked all transects in reversed direction, resulting in a total of 72 counts per square.
(e) Statistical analyses (i) Consistency of flight-initiation distance
We used Bayesian linear mixed models (BLMMs) with Markov chain Monte Carlo (MCMC) methods implemented in the MCMCglmm package in R v. 3.3.2 [31, 32] to evaluate the consistency of FID (N ¼ 99 individuals and 857 observations). In total, we fitted 15 BLMMs to obtain unadjusted, adjusted and conditional estimates of repeatability (i.e. intra-class correlation, ICC; sensu [33] ). For all models, we square-root-transformed the response variable (FID) to achieve normality of residuals. Therefore, we ran all BLMMs with a Gaussian error structure with identity link (for the details of MCMC specifications and model priors, see electronic supplementary material S5).
First, we fitted a 'null' mixed model (intercept-only) along with individual-specific intercepts (i.e. the random factor, individual identity) to calculate unadjusted repeatability of FID. This model served as a basis for the 14 remaining models (see below) for which we also fitted 'observation period' (five levels, including three breeding and two non-breeding seasons) as a random factor to account for seasonal effects upon FID (e.g. [34] ).
Second, to test whether repeatability of FID changed with increasing age or over individual sampling intervals, we calculated adjusted repeatabilities by fitting two models including either age or sampling interval as a fixed effect. In addition, we fitted six random-slope mixed models for age as a fixed effect, as well as random slopes for individuals. In each of the six models the reference points were adjusted (age 1, 2, 3, 4, 5 and 6), so that resulting between-and within-individual variances could be used to obtain conditional repeatabilities at the specific age points [33] . Similarly, we ran six random-slope mixed models with the 'sampling interval' (see above) as a fixed effect, with random slopes to obtain conditional repeatabilities at different time points of the sampling period (days 100, 200, 300, 400, 500 and 600). We calculated all repeatabilities as the proportion of the total variance that is explained by the between-individual variance according to Nakagawa & Schielzeth [33] .
(ii) Spatial correlation of human disturbance, flight-initiation distance and age
We created heat maps, using the package ggplot2 [35] in R to visualize the distribution patterns of human disturbance, FID and bird age in the study area (N ¼ 99 individuals over 3 years). The level of human disturbance showed an almost identical distribution pattern for the three surveys (see above). Also, the amount of disturbance in each of the 141 squares was highly correlated between all surveys (Spearman's correlations between 0.81 and 0.87; electronic supplementary material ,  table S3 ). Thus, we combined all surveys by calculating one mean visitor score for each of the 141 squares and plotted one overall heat map of human disturbance.
To be able to map the distribution of FIDs, we allocated one specific value of FID to each of the 141 squares. For that reason, we first calculated individual mean FIDs, and then averaged the mean values of the birds that occupied the same square (i.e. birds have overlapping territories), separately for each of the three study years (including breeding and non-breeding seasons). Similarly, we estimated one age value per square, by averaging the ages of the birds that shared the same squares during each breeding season. To make different types of values comparable, we z-transformed the human disturbance score, FID and age. We determined the correlation between human disturbance and FID, as well as between human disturbance and age, using Spearman's rank correlations.
(iii) Effects of human disturbance and behavioural plasticity on flight-initiation distances
We acknowledge that the simple correlations in the preceding subsection may result in a type of pseudo-replication, inflating type I error, because statistical significance is influenced by the number of squares (i.e. 141) that we determined. Therefore, in an alternative set of analyses, we modelled the relationships among FIDs, human disturbance and other variables, using each measurement of FID as the unit of analysis (N ¼ 99 individuals and 857 observations). Particularly, we fitted BLMMs with FID (square-root transformed) as the response variable, and a Gaussian error structure with identity link. Individual identity and observation period were fitted as random effects. In the same model, we included five fixed effects: (i) human disturbance (i.e. mean number of visitors of all squares used by a particular bird during the breeding season, logtransformed), (ii) bird age, (iii) sampling interval (in days), (iv) distance to cover and (v) sex (for alternative specifications of fixed effects, see electronic supplementary material, S6-S8). We included sex because male and female dunnocks differ in FIDs in our study population [36] . Further, we fitted the sampling interval as random slope to obtain a precise estimate of the fixed term, sampling interval [37] . We standardized the continuous variables level of human disturbance, bird age, sampling interval, and distance to cover (by centring each variable on its mean and by dividing each variable by its standard deviation) to generate comparable regression coefficients [38] (see also [39] ). The binary variable sex was coded as females ¼ 21 and males ¼ 1 so that sex has a mean and standard deviation of close to 0 and 1, respectively (for the details of MCMC specifications and model priors, see electronic supplementary material S5). We report the estimates of all regression coefficients (b) as posterior means with their 95% credible intervals (CIs), and considered effects statistically significant when the 95% CIs did not overlap zero. Additionally, as sensitivity analysis (electronic supplementary material S9), we re-ran all models using a reduced dataset that included 51 or 23 individuals (of 99) for which we measured FIDs relatively shortly after they settled. (b) Relationships between human disturbance and flight-initiation distance, and human disturbance and age
Results
The distributions of FIDs showed somewhat similar but nonrandom patterns for all 3 years (2012-2014; figure 2a-c) . In relation to the distribution of visitors (figure 2e), we found shy individuals (long FIDs) mainly in areas with low levels (blue and green squares in figure 2e), and bold individuals (short FIDs) in areas with high levels of human disturbance (orange and red squares). In agreement with the visual patterns in figure 2 , the distributions of FIDs and human disturbance were negatively and significantly correlated to a medium to strong degree (sensu [40] ; Spearman's correlation coefficients, r s ¼ 20.37 to 20.57, figure 2d ) for all 3 years. In 2012 and 2013, the age structure showed a similar pattern; young individuals were mainly found in the eastern part, while older birds were found in the western part of the study area ( figure 2f-g ).
For both years, we also found non-significant negative correlations between age and human disturbance (r s ¼ 20.14 to 20.26; figure 2d ). In 2014, however, the age distribution exhibited a more diverse pattern (figure 2h). In contrast to the two previous years (2012 and 2013), we found a non-significant positive relationship (r s ¼ 0.14; figure 2d ) between age and human disturbance in 2014. These non-significant and inconsistent spatial patterns suggest that age may be of little importance with regard to the level of human disturbance. We note, however, that a strong spatial correlation would only occur when individuals move to more disturbed areas as they get older. Therefore, the lack of a spatial correlation between age and human disturbance does not necessarily mean that there is no effect of age on FIDs (see below). figure 3 ; see also electronic supplementary material, figures S5 and S6). However, the estimated effect size was relatively small or half of the effect size of human disturbance (see above). On average, the FID of an individual decreased by 0.56 m per 1 year of age (for an alternative interpretation of age-dependent change, see electronic supplementary material S8). There was little evidence that this observed age effect was the result of higher mortality of shy individuals or due to habitat-specific selection on FID (electronic supplementary material S10). Consistent with this idea, an alternative analysis showed that the age effect was due to within-individual and not between-individual changes (electronic supplementary material S7).
In the main, the results on the effect of human disturbance and age on FIDs were congruent with those from the correlation 
Discussion
In this study, we investigated whether variation and spatial distribution of flight-initiation distance (FID, a proxy for boldness) is better explained by personality-matching habitat choice or behavioural plasticity using a population of wild dunnocks in the Dunedin Botanic Garden. We found support for both hypotheses. For example, bolder birds inhabited areas of high human disturbance, while shy birds avoided disturbed areas. At the same time, the boldness of dunnocks was highly consistent across all age classes (1 -6) and over the entire study period (figure 1), indicating that personality plays an important role. Individuals became bolder with age, which is expected from the behavioural-plasticity hypothesis, but this effect was weak in comparison with the relationship between FIDs and human disturbance ( figure 3 ). Taken together, our results show that personality contributes to a greater extent to the observed relationship between boldness and human disturbance than behavioural adjustments over time. Below we explore these patterns in more detail and discuss potential underlying mechanisms, as well as theoretical and practical implications.
(a) Personality-matching hypothesis Theory suggests that individuals with similar personality types share the same habitat preferences, leading to an aggregation of individuals with similar behavioural phenotypes (i.e. phenotype-environment covariance [16, 41, 42] ). In agreement with this theory, we found that bold individuals occupied territories with high human disturbance, whereas shy individuals were found in areas with low numbers of pedestrians. Our results are similar to previous research on the impact of disturbance that showed that burrowing owls (Athene cunicularia) with short FIDs bred in closer proximity to roads than individuals with long FIDs [15] . Such patterns, however, could also be generated by behavioural change over time. Hence, more importantly, our results suggest that individuals settle in an area that best matches their own behavioural phenotype and then stay in their initially chosen habitats. Indeed, dunnocks showed strong fidelity to their breeding territories (i.e. individual reused more than 70% of the area they used in the previous breeding season; electronic supplementary material S2), and consequently also an affinity to specific environmental features (e.g. human disturbance; but see electronic supplementary material S11). Strong theoretical and empirical support exists for a substantial part of personality traits being caused by genetic components [43, 44] . In such a case, phenotype-environment covariance, often found in association with personality traits, can be interpreted as genotype-environment covariance [16, 45] . Consequently, individuals are likely to mate with conspecifics that share a similar genotype, and thereby potentially restrict the gene flow within a population, termed the multiplier effect (sensu [46] ; see also [47] ). For instance, within a population of three-spined sticklebacks (Gasterosteus aculeatus), individuals that differed in their habitat preference (stream versus lake) also differed genetically from each other, despite living in close proximity [48] . Therefore, it has been theorized that personality-dependent habitat selection can maintain different personality types within populations [42, 49] , and also can lead to speciation over time [50] [51] [52] . Although speciation is likely to happen on larger spatial and much longer temporal scales, our findings lend support to the potential for micro-evolutionary and ecological differentiation over time [53, 54] .
(b) Behavioural plasticity hypothesis
Along with the strong evidence for personality-matching habitat selection, we also found some indication that individual dunnocks became slightly bolder with increasing age (i.e. individuals exhibited behavioural plasticity over longterm; 0.56 m shorter FIDs per year). Moreover, dunnocks varied slightly in their response to humans during the day (electronic supplementary material S6). A previous study on blackbirds (Turdus merula) showed evidence of habituation, with individuals adjusting their risk-taking behaviour with regards to daily fluctuations in pedestrian numbers [55] . A meta-analysis also showed that individuals reduce their FIDs when frequently exposed to a predator [56] . In contrast, the lack of change in FIDs for short and intermediate time scales (among days; electronic supplementary material S9) suggests that behavioural change does not occur rapidly, but is a gradual process over time (for alternative interpretations of age-dependent change in FIDs, see electronic supplementary material S8). Notable in our study is that the age effect on Figure 3 . Effects of human disturbance, age, sampling interval (days), distance to cover and sex on flight-initiation distance (FID). We present standardized regression coefficients estimates from a linear mixed model, BLMM, with their 95% credible intervals (CIs). Statistically significant negative effect sizes for visitors and age indicate that dunnocks in highly disturbed areas as well as older birds have shorter flight-initiation distances (are bolder) in comparison with birds in undisturbed areas and younger birds. For the fixed factor sex, a statistically significant negative effect size illustrates that males have shorter FIDs (are bolder) than females. The vertical dashed line indicates zero effect.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170943 FID was relatively minor (half the size; figure 3) in comparison with the relationship between FID and human disturbance. Therefore, the strong observed correlation between behavioural phenotype and habitat in dunnocks most likely originated from a personality-matched habitat choice [16] rather than from the adjustment of behaviour over time (electronic supplementary material S9).
An alternative mechanism that can explain non-random distribution patterns of phenotypes, and may not be mutually exclusive from habituation, is risk allocation (e.g. [55, 57] ). The risk-allocation hypothesis [58] posits that individuals adjust their antipredator behaviour according to fluctuating degrees of risk. Given that dunnocks show high temporal consistency in FIDs, and that minor adjustments in FIDs were similar for areas with low and high disturbance levels, it is unlikely that risk allocation explains our findings.
(c) Difficulty in separating personality from behavioural plasticity
Various studies have suggested that apart from genetic factors, individual experience during early development (ontogenetic experience) could substantially influence personality formation and adaptive personality differences among individuals (e.g. [49, 59] ). For instance, individuals that grow up in highly disturbed habitats might develop different strategies to cope with humans than individuals that grow up in less disturbed areas (e.g. natal habitat preference or learned antipredator response [59, 60] ). The effect of early experience could explain the non-random distribution of behavioural phenotypes. Importantly, such a scenario does not preclude the personality-matching hypothesis being an explanation for our findings, because personality seems to dictate where individuals will settle [15, 16] , thereby generating the phenotypeenvironment covariance (note that the correlation between genotype and environment may no longer exist in this case). Alternatively, it is also possible that the different levels of human disturbance in our study area shaped the 'boldness' (or FID) of individuals within a few days of settlement, resulting in the observed relationship between boldness and human disturbance. Such rapid behavioural change (e.g. within a few days) would be a very interesting case of behavioural plasticity, which is akin to 'developmental plasticity' [49] . In our study it was not possible to collect a sufficient amount of data to examine this alternative, as the majority of fledglings leave the study area to settle somewhere else, and because of low turnover rates of birds in general (but see electronic supplementary material S9). While our data cannot discriminate between the above alternatives, an additional analysis suggested that bold individuals could be found in both low-and high-disturbance areas, lending support to the personality-matching hypothesis, but not the plasticity hypothesis (see electronic supplementary material S12). Nonetheless, this finding cannot refute the possibility that ontogenetic or short-term experiences (e.g. exposure to humans) have strong effects on the development of personality traits. Future research is required to thoroughly investigate if the boldness of an individual is determined before or immediately after settlement.
(d) Additional implications: population management and conservation
Our study indicates that an individual's personality could play a decisive role in selecting a suitable habitat. In the face of the current unprecedented human-induced rapid environmental change and associated habitat loss [50, 61, 62] , an optimal habitat for a particular personality type might not always be available [13] . For example, human-modified environments are often characterized by monotonous landscapes (e.g. urbanization, agriculture), which may favour only specific behavioural phenotypes. Commonly, bold individuals flourish in urban, human-disturbed habitats, whereas shy individuals predominantly thrive in undisturbed rural areas [63, 64] . In consequence, the composition of phenotypes and genotypes of populations may be reduced [65, 66] , leading ultimately to local extinction. Thus, understanding the full extent of personality-related habitat selection may be the key to establish conservation strategies for species restricted to specific habitats.
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